Abstract Human apolipoprotein C-I (apoC-I) is an exchangeable apolipoprotein that binds to lipoprotein particles in vivo. In this study, we employed a LC-MS/MS assay to demonstrate that residues 38-51 of apoC-I are significantly protected from proteolysis in the presence of 1,2-dimyristoyl-3-sn-glycero-phosphocholine (DMPC). This suggests that the key lipid-binding determinants of apoC-I are located in the C-terminal region, which includes F42 and F46. To test this, we generated site-directed mutants substituting F42 and F46 for glycine or alanine. In contrast to wild-type apoC-I (WT), which binds DMPC vesicles with an apparent Kd [Kd(app)] of 0.89 mM, apoC
Human apolipoprotein C-I (apoC-I) is a 6.6 kDa (57 residue) apolipoprotein that is synthesized primarily in the liver (1) . ApoC-I circulates in plasma at a concentration of approximately 0.06 mg/ml bound to the surface of chylomicron, VLDL, intermediate density lipoprotein (IDL) , and HDL particles (2, 3) . As a component of VLDL, apoC-I is reported to regulate the receptor-binding function of apolipoprotein E (4). As a constituent of the smaller HDL, apoC-I functions as an activator of lecithin:cholesterol acyltransferase (LCAT) (5, 6) and an inhibitor of cholesterol ester transfer protein (CETP) (7) , which are both important regulators of reverse cholesterol transport. Like other members of the C apolipoprotein family, apoC-I possesses a high level of structural adaptability. In its lipid-free form, this small protein contains approximately 30% a-helix as shown by circular dichroism (CD) spectroscopy (8, 9) . Self-association of apoC-I in the absence of lipid increases the a-helical content in a concentration-dependent manner from 30% at 0.01 mg/ml to 80% at 2.8 mg/ml (8) . Structural studies in the presence of sodium dodecyl sulfate (10) and short chain phospholipids (11) demonstrate that apoC-I adopts a helix-turn-helix motif, with an N-terminal amphipathic helix spanning residues 7-29 and a C-terminal amphipathic helix spanning residues 38-52 (Fig. 1) . These studies also indicate that the N-terminal helix is significantly more flexible, suggesting that it binds less tightly to a lipid surface than its C-terminal counterpart (10) .
More recently, Gursky and coworkers generated a series of proline mutants spanning the N-and C-terminal helices of apoC-I. They examined changes in secondary structure of the protein upon binding to 1,2-dimyristoyl-3-sn-glycerophosphocholine (DMPC) vesicles and the gross morphologies of the complexes themselves (12) . The mutants showed a marked decrease in a-helicity when compared with the wild-type protein, with the largest change noted for the proline mutation of arginine at position 23 (R23P) , where the total a-helicity in the presence of DMPC decreased from 65% for wild-type apoC-I to 40% for the R23P mutant. This was also accompanied by a change in morphology of the R23P-lipid complex (12) . Additional studies by Gursky (6) employing near-UV circular dichroism spectroscopy also demonstrated that mutation of W41 to alanine or proline results in significant loss of a-helical structure. This is not surprising because earlier studies have suggested that aromatic residues are important for anchoring apolipoproteins to lipid surfaces (13) . Gursky (6) has subsequently proposed that the C-terminal aromatic cluster of W41, F42, and F46 are important residues for mediating helix stability and also the interactions of apoC-I with phospholipid (6) . However, unlike W41, whose role in helix stability and lipid binding is well characterized (6, 10) , the contributions of F42 and F46 in mediating and/or stabilizing the structure and phospholipid interactions of apoC-I are not well understood.
In this study we set out to test the hypothesis that F42 and F46 of human apoC-I play important roles in mediating phospholipid binding and the morphology of the resulting protein-lipid complexes. We first present results of protease resistance assays measured by LC-MS/MS that demonstrate the C-terminal region of human apoC-I, including F42 and F46, contains the major lipid-binding determinants. We subsequently employ circular dichroism spectroscopy, analytical ultracentrifugation, and transmission electron microscopy studies, comparing wild-type and mutant forms of apoC-I, to demonstrate the importance of F42 and F46 in mediating apoC-I/phospholipid interactions and morphology.
EXPERIMENTAL PROCEDURES
Expression and purification of recombinant wild-type apoC-I Recombinant human apoC-I was expressed using the method described by Atcliffe et al. (11) . Briefly, the pET-32a vector containing the cDNA of human apoC-I was transformed into the UT5600 strain of E. coli. The cells were grown in 6 3 500 ml of Luria-Bertani (LB) media containing 50 mg/ml ampicillin and 0.2% (w/v) glucose at 37°C in an incubator-shaker (120 opm) to an optical density at 600 nm of 0.6. Expression of the MBP-apoC-I fusion protein was induced by the addition of 1 mM isopropyl-1-b-thiogalactopyranoside, and the culture incubated for a further 2 h at 37°C (120 opm). The cells were harvested by centrifugation at 6,000 rpm (5,860 g, 4°C) using a Sorvall RC-5C preparative ultracentrifuge and GSA rotor. Cell lysates were prepared by treatment with 0.2 mM lysozyme and 1 mM EDTA at 4°C followed by sonication using an MSE Soniprep 150 sonicator at 10 micron amplitude for 30 3 30 s pulses with a 30 s break between each pulse. Cell lysates containing MBP-apoC-I fusion protein were incubated with amylose resin at 4°C overnight. The MBP-apoC-I fusion protein was eluted from the resin using 15 mM maltose. The concentration of the fusion protein was determined at 280 nm using an extinction coefficient of 70,410 M 21 cm 21 based on amino acid composition, which was calculated using the program SEDNTERP (14) . The apoC-I moiety was then cleaved from the fusion protein with 150 U mg 21 of Factor Xa protease. ApoC-I was purified using an AKTA Basic LC system (GE Healthcare) on an HR 26/60 column packed with Superdex 75 size exclusion resin equilibrated with 3.5 M GuHCl. The purified recombinant protein was renatured via dialysis into 10 mM NH 4 OAc, pH 6.8 and stored at 4°C. The concentration was determined by measuring the absorbance at 280 nm using an extinction coefficient of 5,690 M 21 cm 21 calculated from amino acid composition (14) . The recombinant product was assessed by SDS-PAGE (see supplementary Fig. I ) and deemed to be greater than 95% pure.
Generation of apoC-I mutants
ApoC-I mutants were generated either recombinantly using the Stratagene QuikChange site-directed mutagenesis kit or using Fmoc peptide synthesis as described below. For recombinant apoC-I glycine mutants, mutagenesis was performed according to manufacturerʼs instructions (Stratagene). Primers were designed to generate two single site-directed mutants of apoC-I and a double site-directed mutant (see supplementary Table I) . Briefly, the primers (125 ng) were added to 10 ng of apoC-I wild-type plasmid in the presence of PfuUltra HF DNA polymerase. The sample was subjected to 18 thermal cycles with each cycle as follows: 95°C for 50 s; 60°C for 50 s; and 68°C for 14 min. Following this, the sample was cooled to 4°C. 1 ml Dpn was added to the reaction mix and incubated for 1 h at 37°C. 3.0 M NaOAc and ethanol were then added to a final concentration of 0.1 (v/v) Fig. 1 . NMR structure of human apoC-I measured in the presence of SDS micelles. The backbone is depicted as ribbons for a-helical regions and wireframe for turn/unordered structure. The aromatic residues in the C-terminal amphipathic helix of apoC-I targeted for mutagenesis in this study (F42 and F46) are depicted as sticks. The coordinates were obtained from the PDB file 1IOJ (10). and 2.5 (v/v), respectively, and incubated overnight at -20°C. The sample was microfuged for 15 min at 13,200 rpm (16,100 g), and the resultant pellet was redissolved in 10 ml TAE. A volume of 4 ml was utilized for each transformation. The mutant plasmid was transformed into XL10-Gold Ultracompetent cells provided by Stratagene. The cells were allowed to sit for 30 min at 4°C after addition of the plasmid before a brief heat shock (42°C for 30 s). The cells were subsequently returned to 4°C for 2 min and then 0.5 ml LB media containing 0.2% (w/v) glucose was added. The cells were incubated for 1 h at 37°C with gentle shaking (120 opm). A 250 ml aliquot of the sample was plated onto LB agar containing 50 mg/ml ampicillin, and the plate was incubated overnight at 37°C. ApoC-I glycine mutants were subsequently expressed and purified as described for the wild-type protein above. Yields for the recombinant mutant proteins are presented and compared with the wild-type protein (see supplementary Table II) .
Peptide synthesis
ApoC-I alanine mutants were synthesized by solid-phase Fmoc chemistry on a CEM Liberty microwave peptide synthesizer (AI Scientific, Australia) as C-terminal acids on Fmoc-PEG-PS resin (0.2 mmol/g loading, Applied Biosystems, Australia). All peptides were synthesized on a 0.1 mmol scale using a 5-fold molar excess of Fmoc protected amino acids (0.5 mmol) that were activated by coupling agent HCTU (1 equivalent) in the presence of DIEA (2 equivalents). Fmoc protecting groups were removed by treating the resin attached peptide with 20% piperidine in DMF (v/v, containing 0.1 M HOBt). The deprotection and coupling reactions were carried out at 75°C using 45 W microwave power for 3 min and 40 W microwave power for 5 min, respectively. Peptides were cleaved from the resin at the end of the synthesis by treatment with TFA/triisopropylsilane/water (95/2.5/2.5, 2 h at 20°C) precipitated with diethyl ether and lyophilized. The crude products were purified by reverse-phase HPLC (Agilent Zorbax C18 5 mm, 250 3 9.4 mm semi-prep column, 5 ml/min) using an Agilent 1100 LC system. Purity was assessed by analytical RP HPLC on an Agilent Zorbax C18 5uM 150 3 4.3mm column and all peptides were judged to be greater than 95% pure. The molecular weights of the products were confirmed on an Agilent 6520 LC/Q-TOF mass spectrometer with an electrospray ionizing source coupled to an Agilent 1100 LC system.
Preparation of DMPC vesicles
For a typical preparation of small unilamellar vesicles, 0.136 g lyophilized DMPC was mixed with 1.0 ml in 10 mM NH 4 OAc, pH 6.8. The suspension was sonicated using an MSE Soniprep 150 sonicator at 10 micron amplitude for 15 3 10 s pulses with a 5 s break between each pulse. The resultant solution was centrifuged at 13,200 rpm (16,100 g) for 5 min in a bench-top microfuge to remove nonsuspended aggregates of phospholipid and titanium particles shed from the sonicator probe. The supernatant containing DMPC vesicles was stored at 30°C for up to 24 h. All DMPC concentrations are expressed in terms of the monomer.
LC-MS/MS protease resistance assay
A typical assay mixture consisted of 20 mM apoC-I and 5 mM DMPC vesicles. Mixtures were preincubated for 4 h at 30°C then supplemented with 20 mg of trypsin or GluC and placed at 4°C within the auto-sampler of an Agilent Surveyer LC system attached to a Finnigan-MAT LTQ-FTMS (Bremen, Germany). At 40 min intervals, 20 ml samples were injected onto a mRPC C2/C18 column (4.6 mm 3 10 cm, GE Healthcare). This was carried out a total of seven times for each apoC-I/DMPC mixture. The gradient was initiated with a 5 min isocratic step of Solvent A [0.1% (v/v) formic acid] followed by a 30 min linear gradient to 100% Solvent B [0.1% (v/v) formic acid in acetonitrile]. Solvent B was then run isocratically for 5 min after which the column was returned to Solvent A for over 5 min. In between injection of successive samples, the column was subjected to 10 rapid gradients from 0-100% Solvent B to ensure removal of bound DMPC. Prior to each FT-MS run, the instrument was calibrated with manufacturer-provided solutions. The ESI conditions employed were as described previously (15) with the instrument calibrated to the increased flow of 500 ml/min. Mass spectra were collected in a data-dependent manner as follows: a single high resolution FT-MS spectra covering 300-2000 m/z, followed by three IT-MS CID (m/z window 5 1.5 Th, collision relative energy 5 35%, collision time 5 100 ms) spectra that targeted the three most abundant peaks measured in the preceding FT-MS spectra. However, once a mass had been selected for analysis, it was excluded from selection for 3 min. This allowed for peaks other than the three most abundant to be analyzed. The data obtained was then manually annotated based on expected tryptic or GluC peptides.
Circular dichroism spectroscopy
Spectra were collected between wavelengths of 190 and 250 nm in a Jasco J-815 CD spectrometer at 25°C using a 1 mm pathlength quartz curvette, 0.5 nm step size, 1.0 nm bandwidth, and 2 s averaging time. Spectra of wild-type and mutant apoC-I solubilized in 10 mM NH 4 OAc, pH 6.8 were recorded at a protein concentration of 20 mM. CD spectra of apoC-I were also collected in the presence of DMPC vesicles ranging from a concentration of 40 mM through to 5 mM. All CD spectra were analyzed by nonlinear least-squares regression using the CONTINLL algorithm and SP43 database available in the CDPro software package downloaded from lamar.colostate.edu/?sreeram/CDPro/ (16). For apoC-I/DMPC binding measurements, the ellipticity at 222 nm was plotted as a function of total lipid concentration and the data analyzed by nonlinear regression using SIGMAPLOT 10.0 to determine the apparent affinity (K D app ) of apoC-I (expressed per DMPC monomer) for the phospholipid surface. Nonlinear least-squares fits were weighted by the reciprocal of the variance across three separate experiments. Given the complexity of the experimental system (i.e., polydispersity with respect to vesicle preparation, and potential multivalence with respect to apoC-I binding) data were analyzed in terms of a generic hyperbolic decay rather than a discrete binding model as follows: 
Analytical ultracentrifugation
Samples of between 250 and 380 ml were analyzed in a Beckman XL-I ultracentrifuge using an An50 Ti eight-hole rotor against a reference of buffer alone (270 or 400 ml). An initial wavelength and radial scan was carried out at a rotor velocity of 3,000 rpm to determine the optimal wavelength for data collection. Data were acquired at a rotor velocity of 25,000 or 50,000 rpm at 225 nm and collected continuously or at 20 min intervals using a step size of 0.003 cm without averaging. Solvent densities and viscosities were computed with the program SEDNTERP (14) . The partial specific volume of the apoC-I/DMPC complexes were obtained from a previous study (11) . Sedimentation velocity data were analyzed in terms of a noninteracting discrete single species (17) or a continuous-size distribution (18) using the program SEDFIT (available from www.analyticalultracentrifugation.com).
Transmission electron microscopy
Samples of DMPC (800 mM) in the presence of wild-type and mutant apoC-I proteins (20 mM) were incubated for 4 h at 30°C prior to deposition onto an EM grids. Transmission electron microscopy (TEM) sample preparation was carried out by adsorbing a 5.0 ml aliquot of the sample onto a carbon-coated Formvar film (Sigma Chemical Co.., St. Louis, MO) mounted on 300 mesh copper grids. The grids were rendered hydrophilic by glow discharge in a reduced atmosphere of air for 15 s prior to adsorption. After 30 s, samples were blotted and negatively stained with 1.5% (w/v) uranyl acetate. Specimens were investigated in a FEI Co. (Hillsborough, OR,) Tecnai TF30 fitted with a Gatan (Pleasanton, CA) US1000 2k 3 2k CCD Camera.
RESULTS

LC-MS/MS protease protection assay
To map the major lipid-binding determinants of human apoC-I, an automated LC-MS/MS protease protection assay was employed using trypsin and GluC. Peptide fragments resulting from limited proteolysis were sampled, separated by reverse-phase HPLC and characterized by FT-MS every 40 min following addition of protease. The resulting total ion count (TIC) chromatograms, high resolution FT-MS spectra, and MS/MS spectra were then compared in the absence and presence of DMPC. For example, Fig. 2A shows the TIC chromatogram of apoC-I in the absence of phospholipid obtained 40 min after the addition of trypsin. The chromatogram shows four major peaks, eluting at 12.30, 12.92, 13.44, and 13.88 min, respectively ( Fig. 2A) . By comparison, only three peaks are observed in the TIC chromatogram in presence of DMPC eluting at 12.98, 13.49, and 13.96 min (Fig. 2B) . The first peptide in Fig. 2A , which eluted at 12.30 min, is missing in the corresponding TIC chromatogram obtained in the presence of phospholipid (Fig. 2B) . This peptide has an exact mass of 1003.5626 (Fig. 2C ) and corresponds to amino acids 29-37 of human apoC-I as deduced by MS/MS analyses (Fig. 2D ). This indicates that residues 29-37 are protected from cleavage in the presence of 5 mM DMPC for at least 40 min after the addition of trypsin.
Similar comparisons were made immediately following, and at 80, 120, 160, 200, and 240 min after addition of trypsin and GluC. A summary of the LC-MS/MS results obtained are presented in Fig. 3 . The amino acid sequence of mature human apoC-I is presented at the top of Fig. 3 with the trypsin and GluC cleavage sites indicated with asterisks in Fig. 3A and Fig. 3C , respectively. Also shown in were not detected at the indicated time point. Gray bars denote the presence of a peptide with mass matching the appropriate sequence in the FT-MS but not confirmed by MS/MS. This indicates that the ion signal was less than 2% of the total ion abundance and, therefore, was not selected by the software for data-dependent MS/MS. Instead, these peaks were found by manual searches of the known elution regions of each peptide.
CD spectroscopy of apoC-I wild-type and mutants in the absence of lipid
To determine the role F42 and F46 play in mediating interactions of human apoC-I with phospholipid, four mutants containing a single point mutation involving either alanine or glycine substitutions were prepared, namely, apoC-I(F42A), apoC-I(F42G), apoC-I(F46A) and apoC-I (F46G), as well as two mutants containing both point mutations, apoC-I(F42A/F46A) and apoC-I(F42G/F46G). The mutants were either overexpressed in E. coli and subsequently purified in a similar manner to the wild-type protein or prepared by Fmoc peptide synthesis. Mutant proteins were assayed for purity by electrospray ionization mass spectrometry (see supplementary Table I ) and/or SDS-PAGE (see supplementary Fig. I ). ApoC-I, apolipoprotein C-I. The predicted molecular weight (MW) was calculated from the amino acid sequence, while the measured molecular weight was determined by electrospray ionization mass spectrometry (as described in Materials and Methods). Secondary structure content was obtained by analysis of CD spectra using the CONTINLL algorithm and SP43 database within the CDPro program (16) . CD spectroscopy was performed with 20 mM apoC-I in the absence and presence of 5 mM DMPC. All percentages derived from CDPro analyses are rounded to the nearest whole number. rmsd 9 0.01 for all CDPro nonlinear least squares best fits. Circular dichroism spectroscopy was used to compare the degree of secondary structure of the wild-type and mutant apoC-I constructs first in the absence of phospholipid. CD spectra were analyzed using the CDPro program employing the CONTINLL algorithm and SP43 database, which afforded the best fits to the CD spectra generated for the apoC-I wild-type and mutant constructs. In the absence of lipid, wild-type apoC-I comprises 44% a-helix; whereas several of the apoC-I mutants possess significantly lower a-helical structure, ranging from 20% for the apoC-I (F46G) to as high as 39% for apoC-I(F46A) ( Table 1) .
Phospholipid binding of apoC-I constructs measured by CD spectroscopy
To examine the effect of each alanine or glycine mutation in a more biologically relevant setting, we repeated the CD measurements in the presence of DMPC vesicles. To ensure that apoC-I was completely bound, we titrated the proteins with increasing concentrations of DMPC vesicles and recorded the CD spectrum at each point in the titration. The apoC-I proteins were considered to be completely bound when the addition of DMPC vesicles was no longer accompanied by a change in the CD spectrum. This was achieved at a DMPC concentration in the range from 2.0 to 10.0 mM (Fig. 4, supplementary Figs. II and III) . CD spectra of the double glycine mutant, apoC-I(F42G/F46G), in the presence of increasing DMPC concentrations are shown in Fig. 4A , while the comparable data for wild-type apoC-I, apoC-I(F42G), apoC-I(F46G), apoC-I(F42A), apoC-I (F46A), and apoC-I(F42A/F46A) are shown in supplementary Fig. II . One of the most striking features is the progressive decrease in signal at 222 nm, which indicates that the apoC-I constructs become proportionately more a-helical upon binding to the vesicle surface. We note that little, if any, change in ellipticity results above 5 mM DMPC. Using this, we calculate that bound wild-type apoC-I comprises 84% a-helix at 5 mM DMPC (Table 1) , which is consistent with previously published values (12, 19) . By contrast, apoC-I(F42A), apoC-I(F46A), apoC-I(F42G), apoC-I (F46G), apoC-I(F42A/F46A), and apoC-I(F42G/F46G) are composed of between 56% and 89% a-helix in the presence of saturating DMPC vesicles (Table 1) . Although the proportion of a-helix is slightly lower than the wild-type protein for the single glycine mutants, the uniformity of ellipticities of the mutant and wild-type proteins at the endpoint of the titrations suggests that all derivatives share a similar structure in the DMPC-bound state.
Closer examination of the CD spectra (Fig. 4A , supplementary Fig. II) showed that there are marked differences in the concentration of DMPC vesicles required to elicit the decrease in the CD signal. This is best exemplified by plotting the ellipticity at 222 nm as a function of DMPC concentration (Fig. 4B, supplementary Fig. III) . In each case, stepwise addition of DMPC vesicles leads to an apparently hyperbolic decrease in signal. The data were fit to a phenomenological model (Equation 1) to extract the apparent dissociation constant (K D app , expressed per phospholipid monomer or K D app* expressed per phospholipid particle) ( Table 2) . Unsurprisingly, the wild-type system had the lowest K D app* of 0.89 6 0.18 mM. By contrast, each of the mutant systems was characterized by higher K D app* values ( Table 2 ). The single alanine mutants, apoC-I (F42A) and apoC-I(F46A) possess approximately 2-fold weaker affinity for DMPC vesicles, whereas the other mutants showed significantly weaker affinity, ranging from 2.5-fold weaker for apoC-I(F46G) to greater than 11-fold weaker for the double glycine mutant, apoC-I(F42G/F46G) ( Table 2 ). These results suggest that while the mutant apoC-I derivatives have the capacity to adopt comparable secondary structure to wild-type apoC-I once saturated with lipid, they nonetheless possess a significantly lower affinity for the Table 2 .
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Sedimentation studies of apoC-I constructs in the presence of DMPC
To explore the hydrodynamic properties of the apoC-I/ DMPC complexes, we conducted a series of sedimentation velocity measurements in the analytical ultracentrifuge. Experiments were initially carried out on the individual protein and lipid components and the resultant data analyzed in terms of continuous size [c(s)] distributions (18) . The c(s) distribution for wild-type apoC-I, apoC-I(F46G), apoC-I(F42G/F46G), and DMPC vesicles are presented in Fig. 5A . The protein species all exhibited reasonably narrow distributions characterized by a modal sedimentation coefficient of approximately 1.0 S. The sedimentation velocity profile of the DMPC vesicles appeared broader and, hence, more heterogeneous (Fig. 5A, inset) , with major DMPC species noted at approximately 10 S and 20 S.
Analogous data for the apoC-I/phopholipid mixtures are presented in Fig. 5B . In the presence of saturating concentrations of DMPC, the modal sedimentation coefficients of the wild-type apoC-I, apoC-I(F46G), and apoC-I(F42G/ F46G) species are shifted to values of approximately 5.0 S, 6.5 S, and 8.0 S, respectively, indicating the formation of protein-lipid complexes. A similar increase in modal sedimentation coefficient to that observed for apoC-I(F46G) results for the apoC-I(F42G) and apoC-I(F42A/F46A) mutants in the presence of DMPC (see supplementary Fig. IV) . By contrast, the sedimentation velocity profiles of the single alanine mutants apoC-I(F42A) and apoC-I(F46A) are almost identical to the wild-type protein (supplementary Fig. IV) . Given that the apoC-I constructs are all of a similar size in the absence of phospholipid and that the same preparation of phospholipid vesicles were used for all measurements, we anticipate the binding capacity of the vesicles to be independent of the particular apoC-I species employed (i.e., complexes should have the same molar mass irrespective of protein). Since the modal sedimentation coefficients of the various apoC-I/DMPC complexes are indeed different, with the exception of the single alanine mutants which were almost identical to the wild-type protein (supplementary Fig. IV) , we hypothesize that the differences in sedimentation of the particles result from changes in shape. We sought a method to further characterize the shape of the apoC-I/DMPC complexes.
Transmission electron microscopy (TEM) of apoC-I/DMPC complexes
To facilitate interpretation of our sedimentation velocity data (Fig. 5, supplementary Fig. IV) , we examined the apoC-I/phospholipid complexes via TEM. In the absence of apoC-I (Fig. 6A) , DMPC forms a heterogeneous mixture of small unilamellar vesicles (SUV) of ?24 nm in diameter and large unilamellar vesicles (LUV) of ?60 nm in diameter. Addition of wild-type apoC-I followed by prolonged incubation at 30°C results in a significant change in morphology of the complexes from the previously noted spheres to discoidal particles (Fig. 6B) . The most common species observed over the grid was characterized by a long axis of ?19.7 nm and a short axis of ?7.7 nm (Table 3) , in accordance with previously published data of wild-type apoC-I/phospholipid complexes (5, 20) .
By comparison, TEM analysis of DMPC in the presence of the three glycine mutants and the double alanine mutant reveals discoidal particles noticeably different in shape than those formed in the presence of the wild-type protein and the single alanine mutants (Fig. 6, supplementary Fig. V) . For apoC-I(F42G), the protein-lipid complexes measured by TEM have a long axis of ?36.8 nm and a short axis of ?19.2 nm [ Table 3 , supplementary Fig V(a) ]. By contrast, the corresponding measurements for the apoC-I(F42G/ F46G) protein-lipid system are ?27.7 nm and ?15.8 nm (Fig. 6D, Table 3 ), with similar measurements also obtained for the apoC-I(F46G) and apoC-I(F42A/F46A) ( Table 3) . Based on these results, we can confidently assign discrete species to the sedimentation velocity profiles shown in Fig. 5 and supplementary Fig. IV . We propose that that the spherical DMPC SUVs observed in the absence of protein apoC-I, apolipoprotein C-I; CD, circular dichroism; DMPC, 1,2-dimyristoyl-3-sn-glycero-phosphocholine. CD spectra of 20 mM apoC-I samples were collected before and during titration with DMPC vesicles (Fig. 4A, Supplemental Fig. 2) . The observed mean residue ellipticity at 222 nm, [u] obs was plotted as a function of total DMPC concentration (Fig. 4B, supplementary Fig. III) ( Fig. 6A ) correspond to the ?10 S species; the LUVs observed in the absence of protein correspond to the ?20 S species; the discoidal particles common in the presence of the wild-type or single alanine mutants correspond to the 5.0 S species; and the more oblate spheroids represented by the complexes of DMPC vesicles with the single glycine or double alanine mutant correspond to the 6.5-6.7 S species. The double glycine mutant with a length-to-width ratio of 1.75 represents the 8.0 S species.
DISCUSSION
The initial aim of this study was to identify amino acid residues important in mediating the interaction of human apolipoprotein C-I with phospholipid surfaces. Accordingly, we utilized a LC-MS/MS protease shaving assay employing recombinant human apoC-I and the proteases trypsin and GluC in the absence and presence of DMPC vesicles. Our results demonstrate that the C-terminal region of apoC-I spanning residues 38-51 is protected from proteolytic activity in the presence of phospholipid for significantly longer periods of time when compared with all other regions of the protein (Fig. 3) . This suggests that the C-terminal amphipathic helix (Fig. 1) spanning residues 38-52 (10) contains the major lipid-binding determinants for apoC-I. By contrast, the N-terminal region of apoC-I, which includes an amphipathic a-helix spanning residues 7-29 ( Fig. 1) (10) , is considerably more susceptible to proteolysis in the presence of phospholipid (Fig. 3) , suggesting this region possesses lower lipid binding affinity than its C-terminal counterpart. This is consistent with a previous NMR-based study employing SDS micelles, which indicated that the N-terminal helix of apoC-I has lower lipid-binding potential than the C-terminal helix (10) . Therefore, we propose that the C-terminal amphipathic helix of apoC-I plays a key role in anchoring the protein to the lipoprotein surface in vivo, while the N-terminal amphipathic helix dissociates more readily from the lipoprotein surface. This has significant implications for the function of apoC-I in lipoprotein metabolism as follows. First, we propose that while the C-terminal region anchors apoC-I to the lipoprotein surface, the N-terminal region of the protein is free to interact with other lipoprotein-bound proteins whose activity is regulated by apoC-I, such as CETP and LCAT (5) (6) (7) . This is supported by previous studies (21, 22) suggesting that the major amino acid determinants responsible for regulating the activity of CETP (21) and LCAT (22) are located within the N-terminal region of the protein. Second, we propose that the N-terminal region of apoC-I initiates the dissociation of the protein from the lipoprotein particle, thus enhancing the exchangeability of apoC-I; whereas the C-terminal region promotes binding to the lipoprotein surface. This is also consistent with previous structural studies that demonstrate the N-terminal helix of apoC-I is more flexible than the C-terminal region (10) .
Interestingly, the C-terminal helix of apoC-I contains three aromatic residues, namely W41, F42, and F46, which form a hydrophobic cluster (6, 10) . Previous studies by Gursky (6) demonstrated that mutation of tryptophan 41 to proline or alanine significantly attenuates the helical structure of apoC-I. However, prior to this study it was unclear what contribution F42 and F46 make to the structural and functional properties of apoC-I. We decided to mutate F42 and F46. We generated four single mutants with glycine or alanine at position 42 and 46, and we generated two double mutants with glycine or alanine at both positions. Not surprisingly, CD spectroscopy analyses in lipid-free solution demonstrate that apoC-I(F42G), apoC-I(F46G), apoC-I(F42A/F46A), and apoC-I(F42G/F46G) show approximately 2-fold reduction in a-helical content compared with the wild-type protein (Table 1) . This is similar to the results observed for the apoC-I(W41P) and apoC-I(W41A) mutants previously characterized by Gursky (6) . By comparison, the mutants apoC-I(F42A) and apoC-I(F46A) show only slight reductions in a-helical content, which indicates that single phenylalanine-to-alanine substitutions can be tolerated at positions 42 and 46 without excessively perturbing the overall helical nature of the protein. In addition, phospholipid vesicle binding assays measured by CD spectroscopy show that the single alanine and glycine mutants as well as the double alanine mutant possess 2-to 3.5-fold reduced binding affinity for DMPC vesicles compared with wild-type apoC-I (Table 2) . By contrast, the double glycine mutant possesses over 11-fold weaker affinity for DMPC vesicles compared with the wild-type protein, and 2.3-to 4.5-fold lower affinity than the single glycine mutants (Table 2 ). These results suggest that the effect of the glycine point mutations at positions 42 and 46 may be additive with respect to phospholipid binding potential. If this is the case, we would expect that the sum of the differences in DG°of the single glycine mutants compared with the wild-type protein (i.e., DDG°values) would approximate the DDG°value apoC-I, apolipoprotein C-I; DMPC, 1,2-dimyristoyl-3-sn-glycerophosphocholine; TEM, transmission electron microscopy. The distances across the longest and shortest axis of 100 particles ( for the double glycine mutant. Table 4 shows that this is indeed the case. Moreover, the DDG°for apoC-I(F42G/ F46G) of -6.0 kJ/mol is similar to the sum of DDG°values for the single glycine mutants, which is calculated to be -6.2 kJ/mol (Table 4) . Overall, these results suggest that F42 and F46 play a significant role in mediating helix stability and lipid-binding function of human apoC-I. Our studies are supported by earlier studies that show aromatic residues are important in promoting binding to phospholipid surfaces (13, 23) . The study by Sanderson and Whelan (23) indicates that tryptophan and tyrosine residues bind to the phosphate and choline head groups of phospholipids, whereas phenylalanine residues interact with the acyl chains. It is plausible that F42 and F46 of human apoC-I interact with the acyl chains within the phospholipid monolayer of lipoproteins in vivo.
One of the most exciting results in this study was the finding that the shape of the protein/phospholipid complexes formed by wild-type and glycine and double alanine mutants of apoC-I were markedly different (Figs. 5 and 6 ). Table 3 reports the average length-to-width ratio of the discoidal particles formed by these apoC-I constructs. The wild-type/DMPC complex adopts a significantly asymmetric shape both in solution and on the TEM grid, with a length-to-width ratio of 2.57 and a modal sedimentation coefficient of 5.0 S (Figs. 5 and 6, Table 3 ). Similar results are also obtained for the apoC-I(F42A) and apoC-I(F46A) mutants (Table 3) , which again indicates that single alanine mutations at either position 42 and 46 can be tolerated in the C-terminal amphipathic helix without altering the morphology of the resulting complex. By comparison, the single glycine mutants and the double alanine mutant form complexes with DMPC that have a length-to-width ratio of 1.92-2.16 and a modal sedimentation coefficient of 6.5-6.7 S; whereas the double glycine mutant is appreciably more symmetrical with a length-to-width ratio of 1.75 and modal sedimentation coefficient of 8.0 S. By contrast, earlier work by Mehta et al. (12) shows that protein/ DMPC complexes formed by apoC-I constructs with mutations in the N-terminal region, namely at positions 23, 31, and 34, adopt similar shapes to those formed by the wildtype protein. The data presented in this study (Figs. 5 and 6) together with the results described by Mehta et al. (12) indicate a major role for F42 and F46 of apoC-I in promoting the formation of asymmetric discoidal particle morphology, whereas R23, Q31, and L34 within the N-terminal region of apoC-I have no effect on remodeling particle shape.
In summary, this study demonstrates that the C-terminal amphipathic a-helix of human apoC-I contains the major lipid-binding determinants, including important aromatic residues F42 and F46, which we show play a critical role in stabilizing the structure of apoC-I, mediating phospholipid interactions, and promoting discoidal particle morphology.
